This study was undertaken to assess the impact of combined sewer overflows (CSOs) on distribution and potential mobility of heavy metals in sediments of urban streams in Prague, Czech Republic. Contents of total and extractable heavy metals (Cu, Zn, Pb, Cd, Cr and Ni), mineralogical phases and other sediment properties were measured in 44 surficial sediment samples. Total metal concentrations were obtained after microwave-assisted digestion whilst extractable metal contents were obtained following a sequential extraction scheme (acid soluble, reducible, oxidisable and residual fraction). The multivariate statistics of cluster analysis was used to identify specific areas of contamination and to evaluate the impact of CSOs. The observed mobility order of metals was Cd > Zn > Ni > Cu > Pb > Cr. There was a considerable increase in Zn mobility and increase of Cu associated with the oxidisable fraction in the sediments below CSO discharges. Cd was revealed as the most mobile heavy metal with percentages of extraction of approximately 40-60% in acid soluble fraction. Pb was mainly found in reducible fraction associated with Fe/Mn (oxi)hydroxides, which is indicative of anthropogenic pollution. In terms of environmental significance, Cd and Zn can be particularly mobile and bioavailable under acidic conditions, because they are predominantly bound in labile fractions. However, potential changes of redox state and pH may remobilize the metals bound to carbonates, reducible, and/or organic matter. Práce se zabývá vyhodnocením vlivu odlehčovacích komor jednotné kanalizace (OK) na distribuci a potenciální mobilitu těžkých kovů v sedimentech městských toků v Praze, České republice. Ve vzorcích 44 povrchových sedimentů byl stanoven obsah celkových i extrahovatelných těžkých kovů (Cu, Zn, Pb, Cd, Cr a Ni), mineralogické složení a další fyzikálně-chemické vlastnosti sedimentů. Celkový obsah kovů byl stanoven po mikrovlnném rozkladu, zatímco obsah extrahovatelných kovů byl stanoven metodou sekvenční extrakce (kyselinou extrahovatelná, redukovatelná, oxidovatelná a reziduální frakce). Pomocí mnohorozměrné shlukové analýzy byly identifikovány specifické lokality kontaminace a zhodnocen vliv OK. Zjištěná potenciální mobilita kovů klesala v pořadí Cd > Zn > Ni > Cu > Pb > Cr. V sedimentech nacházejících se na profilech pod zaústěním OK byl naměřen zvýšený obsah Zn vázajícího se na nejmobilnější frakci a zvýšený obsah Cu vázané na oxidovatelnou frakci sedimentu. Cd bylo na všech profilech shledáno nejmobilnějším kovem s vazbou na kyselinou extrahovatelnou frakci v rozmezí cca 40 až 60 %. Pb bylo vázáno převážně na redukovatelnou frakci (hydratované oxidy Fe/Mn), což indikuje antropogenní zatížení tímto kovem. Z hlediska životního prostředí představují nejvýznamnější riziko převážně Cd a Zn, které se mohou za kyselých podmínek vyskytovat v mobilních a biodostupných formách, neboť jsou nejvíce vázány na nejlabilnější složky sedimentů. Při významných změnách redoxního potenciálu a pH pak může dojít k remobilizaci kovů vázaných na karbonáty, redukovatelnou frakci i organickou hmotu.
Introduction
Combined sewer overflow (CSO) is a major environmental concern in cities with a combined sewer system. CSO water, composed of a mixture of urban runoff and municipal wastewater, is discharged into the natural environment during rain events, since in most European cities, there is still insufficient transport capacity in the combined or partially separated sewer systems (Even et al., 2007) . In most cases, the pollution issued from CSO exceeds annual discharges from factories and sewage plants (El Samrani et al., 2004) . The CSO discharge of untreated domestic sewage and stormwater into local waterways represents a large input of nutrients, organic matter and contaminants including heavy metals (Meybeck et al., 2007; Hnatukova et al., 2009) . Contaminants in CSO are derived from a number of sources. Thus, materials from wet and dry atmospheric deposition, traffic and industry-related activities or released from roofs and building siding, may be flushed by rainfall and collected in the municipal sewer system. In addition, sewage and sewer-deposited material can also represent a significant contribution to CSO pollutant load (El Samrani et al., 2008) . After an important rain event, suspended solids, which carry most of the trace metals transported in sewers, settle down to the bottom and accumulate in stream sediments (Estébe et al., 1998) . Although most pollutants adsorbed on sediments are not readily available to aquatic organisms, variation of pH, salinity, redox potential, content of organic chelators and hydrodynamic parameters caused by discharges of urban drainage may induce the release of metals back to the aqueous phase (Sahuquillo et al., 2003; Hiller and Šutriepka, 2008; Hnatukova et al., 2009) .
Early works have focused on estimating the relative contributions of specific sources to CSO pollutant load in terms of total amount of heavy metals, hydrocarbons, nutrients. Such an approach only provides a rough assessment of contaminant mobility and bioavailability in receiving waters, since pollutant behavior is mainly governed by its speciation (Revitt and Morrison, 1987; El Samrani et al., 2004) .
Metal ions in sediments are partitioned between different chemical components (organic matter, oxyhydroxides of iron, aluminium and manganese, phyllosilicate minerals, carbonates, sulfides, etc.) and retained by these solid phases through different mechanisms (adsorption, complexation, precipitation, etc.) which determine their mobilization capacity and bioavailability (Morillo et al., 2002; Filgueiras et al., 2004) . Exchangeable forms are usually considered as immediately bioavailable species. The partitioning of metal contaminants between specific forms is classically determined using sequential extraction methods by adding appropriate reagents to the sample. Despite the fact that metal fractions obtained by selective chemical extraction procedures are only operationally defined, as incomplete dissolution of the target phase, dissolution of nontarget species, incomplete removal of dissolved species due to readsorption or precipitation may occur, sequential extraction methods provide valuable information about the distribution and mobility of metals in sediments (Rauret et al., 1999; Sahuquillo et al., 2003) .
Study area
Prague urban area has a total population of about 1.25 million inhabitants. About 98% of this population is connected to the sewer system, which conducts wastewaters downstream Prague to the central treatment plant. Since 1966, the central treatment plant is situated on the Císařský island, which is located in the northern part of Prague on the Vltava River. During strong rain events polluted waste water is discharged into the Vltava River and its tributaries through CSO from the central unitary sewer system with total length of about 2900 km and at the outlet of catchments with separate sewer systems in the newer outer part of the conurbation. There is total number of 132 CSOs (52 CSOs discharge to Vltava River, 80 CSOs discharge to its tributaries) and 230 storm sewer outlets in Prague sewers system. Three urban streams, the Botič, Rokytka and Kunratický, are right-hand tributaries of the Vltava River (catchment area of 28 090 km 2 , mean flow 150 m 3 s −1 at the confluence with the Elbe River) in Prague, the capital of the Czech Republic (Fig. 1) , maximum flow of CSO 1.96 m 3 s -1 ). There are also several storm sewer outlets discharging to both streams. There is agricultural activity in the upstream areas of both streams, and urbanized downstream areas are influenced by the wastewaters of printing, electrical, chemical and machine-building industries through CSOs. The third assessed stream is the Kunratický stream (14.8 km length, 31.6 km 2 catchment area, 0.18 m 3 s -1 mean discharge) which runs through wooded and partially residential areas, and receives the discharge of only 6 CSOs in the downstream area and several storm sewer outlets.
The basic objectives of this study conducted with the sediments from three urban streams in Prague were (i) to investigate metal pollution load and environmental risk, and (ii) to assess the influence of CSO discharge on the distribution and mobility of heavy metals in sediments. An investigation of the concentrations of six heavy metals (Cd, Cr, Cu, Pb, Ni, Zn) in stream sediments was coupled with sequential extraction analyses, investigation of physico-chemical parameters and mineralogical analysis by X-ray powder diffraction analysis (XRD). The multivariate data analysis technique of clustering was used in the classification of polluting characteristics, the quantitative identification of specific areas of contamination, and the impact of CSOs.
Materials and methods

Sediment sampling and processing
A total of 44 stream sediments in two replicates were sampled up to 5 cm in depth from three urban streams and the Hostivařská reservoir (Fig. 1) . The stream sediments were sampled at six sampling sites in each stream and at four sampling sites of the Hostivařská reservoir, using a plastic trowel. For the Botič and Rokytka streams, the first three sampling sites were chosen in the upstream area above the discharge of the first CSO, and the other three sampling sites were chosen in the downstream area below the discharge of a number of CSOs. Moreover, four sampling sites were located in the Hostivařská reservoir which is situated in the upper part of the Botič stream. Six sampling sites located in the Kunratický stream were not affected by CSOs. These sites were chosen in order to compare metal distribution in urban streams affected by CSOs with the urban stream non-affected by CSOs. Sediment samples were collected into clean polyethylene containers and frozen immediately on returning to the laboratory. The samples were then freeze dried, and the fine fraction was separated by sieving through a 63 μm mesh nylon sieve in order to obtain the chemically active sediment phase, consisting primarily of clay and silt particulates.
Total metal concentrations
For total metal concentration determinations, the sediments were digested following the MW EPA 3052 digestion method, modified by the addition of H 3 BO 3 in order to avoid the formation of insoluble fluorides. A mass of 0.5 g of sediment sample was dissolved in 9 ml HNO 3 , 3 ml HF, 3 ml HCl and 1.2 g of H 3 BO 3 in 50 ml PTFE high-pressure digestion bombs for microwave digestion (Milestone Ethos TC, USA) at 175 ºC for 15 min. The digests were filtered, adjusted to 50 ml with deionised MilliQ water and stored at 4 ºC in polypropylene bottles until analysis. A procedural blank was submitted to the same digestion procedures. The concentrations of Cd, Cr, Cu, Ni, Pb and Zn were determined using the ICP-MS technique (PQ 3 VG Elemental, England). The relative standard deviations (RSDs) for duplicate measurements of 10 randomly selected replicates were lower than 10% for all metals.
Sequential extraction method
The chemical fractionation of metals in 22 sediment samples was determined using the BCR sequential extraction method (Rauret et al., 1999) , which consists of three successive extractions. Each chemical fraction was operationally defined as: acid soluble phase/exchangeable or bound to carbonates (Fraction 1), reducible phase/bound to Fe and Mn oxides (Fraction 2), oxidisable phase/bound to organic matter or sulfides (Fraction 3) (Fig. 2) . Furthermore, a fourth residual phase (Fraction 4) was determined by a total digestion according to the EPA 3052 method, in order to determine the amount of metals associated with primary minerals, which are unlikely to be released from sediments. The accuracy of the sequential extraction was checked using the freshwater sediment reference material CRM 701 (SM&T, EU) in four replicates which were digested simultaneously with the sediment samples and analyzed under the same conditions. The recovery rates for heavy metals in the standard reference material were between 92% and 112%. In order to determine the precision of the analytical processes, three samples were analysed in triplicate. The average values of the variation coefficients obtained (in general, less than 10%) can be considered satisfactory for environmental analysis.
Physico-chemical properties and mineralogy
Sediment pH was measured in a water suspension using a 1 : 2 (v/v) ratio of sediment and deionized water. Organic matter content in the sediment was determined gravimetrically as the loss on ignition (LOI) at 450 ºC of 3 g of the freeze dried subsamples. The content of total N and total P were determined spectrophometrically using a Skalar spectrophometer after mineralization. Cation exchange capacity (CEC) was determined as the sum of basic cations and Al extracted with a 0.1 M BaCl 2 solution and the extractable acidity. Acid oxalate extraction was performed with 0.2 M ammonium oxalate/oxalate acid at pH 3. Obtained oxalate extracts were analysed for Fe, Al and Mn by a Varian 240 flame atomic absorption spectrophotometer. X-ray powder diffraction analysis (XRD) was performed on selected samples using an X´Pert Pro (PANalytical, Holland) with a secondary graphite monochromator with CuKα radiation over the range from 3-60° 2 Θ. Qualitative identification of crystalline phases present using the HighScore software package and evaluation of the semiquantitative mineralogical composition were performed.
Data analysis
In order to evaluate the environmental risk of sediment metal contamination, the Hazard Quotient (HQ) was calculated in agreement with Barnthouse et al. (1982) as: , 1997) . If the risk of six metals together is assessed, increased risk occurs when HQ exceeds 6. The mobility of observed heavy metals in sediments was assessed by the Mobility Factor (MF), which compares the weakly bound fractions with the total metal content. Exchangeable and acid extractable fractions are considered as easily available. Therefore, MF was calculated according to Kabala and Singh (2001) :
where Fraction 1 is the amount of metal bound to acid soluble/exchangable and carbonate fraction and Σ fractions is the sum of all sequential extraction fractions. One way ANOVA was used for comparison of differences in metal pollution levels of observed streams. The hierarchical cluster analysis based on unweighted pair-group average method in Statistica program was employed to quantitatively identify specific areas of metal contamination and for the recognition of variable structures of metal pollution in order to evaluate CSO impact.
Results and discussion
The results in Tab. 1 present mean values of selected physico-chemical properties and mineralogy of sediments. The sediment pH values were circumneutral and ranged from 6.5 to 7.8. The presence of calcite (CaCO 3 ) detected by XRD analysis in the Rokytka sediments probably causes relatively higher mean values of measured pH and CEC. 4.3 ± 1.3 0.5 ± 0.1 0.4 ± 0.1 0.15 ± 0.02 0.8 ± 0.2 8.8 ± 2.6 11 ± 2 6.8 ± 0.2 Q., Mus., Mic., Alb., K., Chl. Rokytka 14 ± 3 1.5 ± 0.4 0.8 ± 0.4 0.32 ± 0.14 3.6 ± 2.3 8.3 ± 2.3 18 ± 4 7.2 ± 0.2 Q., Cal., Mus., Mic., Alb., K. Kunratický 5.5 ± 1.8 0.9 ± 0.5 0.3 ± 0.1 0.25 ± 0.14 1.2 ± 0.5 9.2 ± 1.9 14 ± 3 7.1 ± 0.3 Q., Mus., Mic., Alb., K. Hostivařská 6.3 ± 1.4 0.9 ± 0.1 0.4 ± 0.1 0.19 ± 0.11 1.0 ± 0.5 6.3 ± 0.8 13 ± 2 6.9 ± 0.2 Q., Mus., Mic., reservoir Alb., K., Chl. Q.= Quartz, Mus.= Muscovite, Mic.= Microcline, Alb.= Albite, K.= Kaolinite, Chl.= Chlorite, Cal.= Calcite T a b l e 2. Mean values of total metal concentration and standard deviation of measurements (n = 2), Hazard Quotient (HQ) and Mobility Factor (MF) for sediments. kytka streams (samples B6, R6 and R4), up to 141.8 mg Cu kg -1 , 452.2 mg Zn kg -1 , and 137.2 mg Pb kg -1 . The highest concentrations of Cd, up to 3.9 mg Cd kg -1 , were observed at the upstream sampling sites KP1 and KP2 of the Kunratický stream. High Cd concentrations, up to 5.6 μg l -1 , in water at upstream profiles of the Kunratický stream reported Sáňka (1991) during geochemical survey. Considerable Cd contamination of this locality is probably related to the long history of plating industry and precious metal processing in nearby Vestec municipality since 1950. Metal levels indicate low metal contamination by Cr and Ni in all streams because they are near to natural levels (Fergusson, 1990) .
The risk assessment of heavy metals according to HQ (using TEC criterion) indicates possible impact of contaminated sediments on stream environment, as Fig. 3 shows. CSO impact on increased sediment toxicity of the Botič and Rokytka streams is evident. Cu toxicity dominates at downstream profiles of the Botič stream, Cu and Cd toxicity dominates at profiles R4 and R6 of the Rokytka stream. Besides these metals, Pb and Zn were found as important pollutants in both these streams. Increased risk and dominant toxicity of Cu and Pb below the discharge of CSOs in the Botič stream sediments have been presented in previous study of Nábělková et al. (2004) . HQ values of the Hostivařská reservoir sediments do not indicate environmental risk, which corresponds to low contamination of nearby profiles of the Botič stream B2 and B3. Significant contamination of upper part of the Kunratický stream is presented by high HQ values of Cd and Cu at profiles KP1 and KP2.
One way ANOVA was used for comparison of overall environmental risk of stream sediments expressed as ΣHQ. Normality of data as one of preconditions of one way ANOVA method was tested by Kolmogorov-Smirnov test and was not rejected at 5% probability level (p-value = 0.5). Independence between ΣHQ values and an affiliation of sampling site to specific stream was not rejected (p-value = 0.3), so the ΣHQ variance among sampling sites in longitudinal profile of each stream was greater than the ΣHQ variance among observed streams. Variance of ΣHQ values between three upper and three lower sampling sites of streams affected by CSOs -the Botič and Rokytka streams was also tested in order to evaluate CSO impact. The lower sampling sites of both streams, already affected by CSOs, were significantly heavily contaminated (p-value = 0.01). No statistically significant relationships between physico-chemical properties of sediments and metal concentrations were observed. This fact probably indicates that other factors such as the impact of urban drainage more significantly influence the stream sediment contamination level.
The hierarchical cluster analysis was employed to quantify CSO impact and identify any specific areas of contamination. Fig. 4 shows dendogram produced by cluster analysis, where four major clusters were detected (A-D). T-transformation (t = = x/x max ) was applied in order to remove the natural weights of metals. The cluster A presents most contaminated profiles with highly elevated concentrations of Cu, Zn, Pb and Cd in sediments. This cluster includes downstream profiles of the Rokytka (R6, R4) and the Botič (B5) streams affected by most of located CSOs. The cluster B comprises two profiles of the Kunratický stream (KP1, KP2), where cadmium concentrations are twice the averages of cluster A, showing high cadmium contamination. The cluster C representing intermediate contamination level can be sub-divided in two (C1, C2). C1 includes R2, R3, R5 and B5 profiles of higher concentrations of Cu, Pb and Zn than less contaminated profiles comprised in C2. The cluster D includes upper profiles of the Rokytka and the Botič streams which present the lowest metal concentration level. The observed mobility order of six metals according to calculated mobility factor was Cd > Zn > > Ni > Cu > Pb > Cr (Tab. 2). Cadmium was revealed as the most mobile heavy metal in all streams with percentages of extraction of approximately 40-60% in acid soluble fraction. However for Cu, Pb and Cr, the extracted percentages did not exceed, in general, 10%. There was a considerable increase in Zn mobility from 15% to 40% in the Botič stream sediments in the profiles below CSOs discharge. Stead-Dexter and Ward (2004) also reported that Zn exhibited an increase in the more easily available fractions through drainage systems and stormwater. Cadmium and zinc were found as the most dangerous metals for the aquatic environment according to their high potential for remobilization to aqueous phase. A high mobility of Cd and Zn associated with easily extractable fractions (exchangeable or carbonate) has been also reported by other authors (Morillo et al., 2002; Jain, 2004; Lee et al., 2005) . High mobility of Zn in the longitudinal profile of the Rokytka stream can be related to the occurrence of carbonates analysed by XRD (Tab. 1). Zinc may be found as co-precipitated with carbonate minerals in acid soluble fraction (Ure et al., 1993) . Fig. 5 shows the results of sequential extraction as chemical speciation of Cu, Zn, Pb, Cd, Cr and Ni in sediments of the studied urban streams. Reducible fraction was found to be dominant in speciation of Pb in all streams with approximately 50-70% extractable amount of total Pb content. High association of Pb with Fe/Mn-oxide phase is indicative of anthropogenic pollution (Gómez-Ariza et al., 2000; Ettler et al., 2006) . Chromium and Ni were found to be associated mainly with residual fraction, up to 85% of the total speciation for Cr and 60% for Ni. Together with low HQ values for Cr and Ni, this indicates probable natural origin of these metals (Farkas et al., 2007) . There was a considerable increase of amount of Cu associated with oxidisable fraction, up to 100.2 mg Cu kg -1 , in sediment samples of the profiles below CSO discharges in the Botič stream. Cu can form organic complexes with organic pollutants discharged from CSOs during rainstorms (Morillo et al., 2002) . However, Cu mobility is not so high as the mobility of Cd and Zn. Oxidisable fraction of Cu, typical in heavily contaminated samples, is thought to be associated with stable high-molecular-weight humic substances that slowly release small amounts of metals (Lors et al., 2004) . High portion of Cu, Zn and Cd was also associated with reducible fraction in sediment samples of the profiles below CSO discharges in the Rokytka stream. This is probably related to the higher oxalate extractable Fe, Mn and Al content in the Rokytka stream sediments (Tab. 1). Hydrated Fe, Al and Mn oxides may create coat- ings on mineral and other particles, and provide other surfaces for metal sorption (Borovec et al., 1993; Ettler et al., 2005) .
Conclusion
A total of 44 urban stream sediment samples in Prague were examined for Cu, Zn, Pb, Cd, Cr and Ni. The combined sewer system significantly deteriorates the sediment quality in studied urban streams. High concentrations of Cu, Zn and Pb were found in downstream sampling profiles of the Botič and Rokytka streams due to discharge of CSOs. The multivariate statistics of cluster analysis identified two specific sources of pollution: (i) industrial contamination by Cd at the Kunratický stream and (ii) CSO impact at the Botič and Rokytka streams. Considerable Cd contamination of upstream profiles of the Kunratický stream is probably related to the history of plating industry and precious metal processing in that locality.
Speciation data on the basis of sequential extraction indicate that Cd and Zn occur in significant quantities in acid soluble fraction (approximately 50% of the total Cd and 30% of the total Zn). Carbonate minerals can be dissolved under acidic conditions, which could induce remobilization of coprecipitated metals. Pb was mainly found in reducible fraction, 50-70% of the total Pb content, and therefore can be potentially released by a change in Eh/pH conditions, which could induce the dissolution of Fe/Mn (oxi)hydroxides. Low abundances of Cr in the non-residual fractions indicate its probable natural origin. The observed mobility order of six metals according to calculated mobility factor was Cd > Zn > Ni > Cu > Pb > Cr. There was a considerable increase in Zn mobility, from 15% to 40%, and an increase of Cu associated with oxidisable fraction, from 50% to 70%, in the sediments of the profiles below CSOs at the Botič stream, which receives the discharge of 33 CSOs. In terms of environmental significance, Cd and Zn can be particularly mobile and bioavailable under acidic conditions, because they are predominantly bound in labile fractions (exchangeable and carbonate). In particular, up to 1.4 mg Cd kg -1 and 165 mg Zn kg -1 occur in labile forms in sediments at most contaminated profiles. On the other hand, the remobiliza-tion potential and bioavailability of Cu complexed with organic pollutants discharged from CSOs was found to be lower.
